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Abstract
Whereas resistivity and ac susceptibility measurements on the magnetic (TM ∼ 130 K) super-
conductor (Tc,onset ∼ 50 K) RuSr2GdCu2O8 (Ru-1212Gd) reported by different research groups
reveal a universal behavior in its superconducting state, this is not the case with the supercon-
ducting quantum interference device (SQUID) magnetization measurements. The reported SQUID
measurements in the superconducting state of Ru-1212Gd reveal a variety of behaviors, leaving
the question of bulk superconductivity for this compound open. We review several of the reported
behaviors by presenting measurements done on our samples belonging to the same batch. Based on
the observed sensitivity of Ru-1212Gd to magnetic field inhomogeneities when it is moved in the
superconducting magnet of the SQUID magnetometer during the measurements, we suggest that
the reported different behaviors can be the result of different field profiles in the superconducting
magnet and not of different superconducting properties. In order to avoid the artifacts arising from
moving the sample in an inhomogeneous field, we did measurements on a stationary Ru-1212Gd
sample employing a home made SQUID magnetometer. The measured curves showed none of the
suspicious “symptoms” present in the curves measured with a magnetometer employing sample
movement (e.g. no reversal of the features observed in the superconducting state of Ru-1212Gd by
a field reversal) and if verified by measurements on stationary samples by other groups a universal
behavior in the superconducting state of Ru-1212Gd can be revealed by the SQUID measurements
too. Our considerations support the existence of bulk superconductivity for Ru-1212Gd.
PACS numbers: 74.72.-h, 74.25.Ha, 85.25.Dq
Keywords: RuSr2GdCu2O8, ruthenium cuprates, superconductivity, magnetism, SQUID magnetometry
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I. INTRODUCTION
The ruthenium cuprates of the general chemical formulas RuSr2(RE)Cu2O8 (1212-type)
and RuSr2(RE1+xCe1−x)Cu2O8 (1222-type), where RE = Sm, Eu and Gd, synthesised in
19951,2,3 have attracted a lot of attention because as it was shown for the first time by L.
Bauernfeind2,4 in these compounds superconductivity arises in a state in which magnetic
order is already developed. The difference between the superconducting transition tem-
perature Tc and the magnetic transition temperature TM is of the order of 100 K. This
is in contrast to what is known for other magnetic superconductors like the molybdenum
sulfides5,6 and selenides7,8, the rhodium borides9,10 and the borocarbides11,12, where Tc and
TM are close, with the magnetic transition appearing usually below the superconducting one.
A big amount of investigations followed in an attempt to determine the type of supercon-
ductivity and magnetic ordering and whether the two phenomena coexist in a microscopic
scale. In the following we will summarize the reported results concentrating more on the
compound RuSr2GdCu2O8 (Ru-1212Gd) which is also the subject of this paper.
For the investigation of the magnetic properties of the ruthenium cuprates several meth-
ods have been employed. Bernhard et al.13 did dc magnetization measurements which in-
dicated that the Ru moments order ferromagnetically in Ru-1212Gd with an ordering tem-
perature TM ∼ 133 K while the sample was becoming superconducting (zero resistivity) at
a much lower temperature of Tc = 16 K. In the same paper muon spin rotation experiments
indicated that the magnetic phase is homogeneous on a microscopic scale accounting for at
least 80 % of the sample volume without being modified at the onset of superconductivity.
Magnetic resonance experiments14 using the Gd ion as a probe provided additional evidence
that the magnetic phase is homogeneous in Ru-1212Gd. Following a scenario proposed by
Bernhard et al.13, Chmaissem et al.15 employed neutron powder diffraction and looked for
possible ferromagnetic ordering of the Ru moments perpendicular to the c axis. No mag-
netic scattering consistent with this scenario was found. Later, Lynn et al.16 using polarised
neutrons suggested that both Ru and Gd in Ru-1212Gd are actually antiferromagnetically
ordered at ∼ 136 K and ∼ 2.5 K respectively. The moment direction is along the c axis with
neighboring spins antiparallel in all three crystallographic directions. Their result was con-
firmed by the neutron diffraction experiments of Jorgensen et al.17. In this work17 a canted
arrangement of the Ru moments was suggested, giving rise to the ferromagnetic component
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observed in the dc magnetization measurements. Kumagai et al.18 used Cu and Ru nuclear
magnetic resonance to investigate the magnetic properties of Ru-1212Gd. In contrast to the
neutron powder diffraction experiments cited above, they conclude that the Ru moments
are almost perpendicular to the c axis while two types of magnetic Ru ions, namely Ru5+
(S = 3/2) and Ru4+ (S = 1), exist in Ru-1212Gd. They suggest that weak ferromagnetism
in Ru-1212Gd results from a ferrimagnetic structure of the Ru moments of S = 3/2 and S
= 1. Butera et al.19 based on magnetization measurements support the idea of antiferro-
magnetically coupled ferromagnetic RuO2 planes in Ru-1212Gd. Unusual thermal-magnetic
hysteresis observed by Xue et al.20 for 1222-type of compounds led them to the suggestion
that phase separation into ferromagnetic and antiferromagnetic species is possible in a sub-
grain scale in the ruthenium cuprates. At this point we should note though, that Z˘ivkovic´
et al.21 reported unexpected magnetic dynamics for the 1222-type compounds, effects which
were not observed for the 1212-type compounds, and Cardoso et al.22 suggested a spin glass
like magnetic state for the 1222-type compounds. Thus, although for a long time it was
believed that the 1212 and 1222-type compounds have corresponding magnetic properties
it is possible that this is not the case. From the above discussion it is obvious that there
is no agreement on the type of magnetic ordering in the ruthenium cuprates. Neverthe-
less, it seems that it is widely accepted that magnetism represents a bulk property of these
compounds. It is the type of magnetic ordering which is yet far from being understood.
Whether superconductivity as well represents a bulk property of the ruthenium cuprates
has been investigated by both specific heat and dc magnetization measurements. The spe-
cific heat measurements on Ru-1212Gd published by Tallon et al.23 show peak like features in
the temperature regime of the superconducting transition, indicating bulk superconductivity,
with the peak position moving up in temperature as the magnetic field was increased. This
was considered as a sign of triplet pairing in Ru-1212Gd. Chen et al.24 also report specific
heat peaks indicative of bulk superconductivity in Ru-1212Gd but in contrast to the report
of Tallon et al.23 they observed a decrease of the peak temperature as the field was increased.
The fact that also Sr2GdRuO6, a precursor for the preparation of Ru-1212Gd, shows a mag-
netic transition in the temperature range in which Ru-1212Gd becomes superconducting25
makes the interpretation of the specific heat data even more difficult.
Much more complicated is the interptetation of the dc magnetization data. In principal,
field expulsion shown in a field-cooled dc magnetization measurement, corresponding to a
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bulk Meissner effect, is generally considered as the key indicator for bulk superconductivity.
As we will see in the main body of the paper though, a variety of behaviors has been
reported for the superconducting state of Ru-1212Gd and interestingly the measurements
on our samples, reproduce many of them. On the other hand, all our samples show the
typical magnetic and superconducting behavior, as the latter is realised through resistivity
and ac susceptibility measurements, that all “good quality” Ru-1212Gd samples-namely
samples with onset of superconductivity ∼ 50 K and Tc(R=0) = Tc ∼ 30 K- investigated
by different groups show and which could thus be considered as universal. It has been
shown26 that Ru-1212Gd is sensitive to field inhomogeneities in the superconducting magnet
of the SQUID magnetometer which affect the SQUID response as the sample is moved in the
magnet during the measurements and can create artifacts in the measured magnetic moment.
Based on this fact we argue that the reported different behaviors in the superconducting
state of Ru-1212Gd may be just the result of different field profiles during the measurements
and not of different superconducting properties. In order to eliminate possible artifacts we
did measurements on a stationary Ru-1212Gd sample. None of the peculiar characteristics
(e.g. non-reversal with reversed field of the features observed in the superconducting state
of Ru-1212Gd) seen in measurements where the movement of the sample was required, were
observed. This makes the measurements on stationary samples more trustworthy and if the
behavior observed for our samples is verified by similar measurements on “good quality”
samples of other groups, a universal behavior for Ru-1212Gd realised by dc magnetization
measurements as well could be established. Then at least one of the above mentioned
contradicting points concerning the ruthenium cuprates would be solved.
II. EXPERIMENTAL
Details about sample preparation and characterization in terms of X-ray powder diffrac-
tion can be found in our previous work25. Here we should only note that all our samples
belong to the same batch, meaning that they were prepared and heat treated together.
Resistance measurements were performed with a standard four-probe ac technique (at
22.2 Hz) on bar shaped pieces of our samples using silver paint contacts.
ac susceptibility measurements were done with a home made susceptometer using a stan-
dard lock-in technique at 22.2 Hz with different field amplitudes.
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Two superconducting quantum interference device (SQUID) magnetometers were em-
ployed for the dc magnetization measurements. One of them was a commercial (Cryogenic
Consultants Ltd. S600) rf-SQUID magnetometer which allows measurements in the tem-
perature range 1.6 K ≤ T ≤ 300 K in magnetic fields -6 T ≤ B ≤ 6 T. Details about
how we tried to handle the problem of remanent fields in the superconducting magnet for
our low field measurements can be found in our previous works25,26. Nevertheless, since
our measurements indicate that field inhomogeneities were present, the given field values
should be considered as estimates. This magnetometer necessitates the movement of the
sample through a pick up coil system (second order gradiometer) for the measurements.
The SQUID response to this movement is fitted using the ideal response for a point dipole
of constant magnetic moment and the sample’s magnetic moment at the temperature of the
measurement is calculated. In the following this magnetometer will be denoted as MSM
(Moving Sample Magnetometer). The second magnetometer was a home made system em-
ploying a niobium rf-SQUID of the type SHE 330 from SHE Co. (San Diego, CA92121
USA). With this system we did measurements in the temperature range 4.5 K ≤ T ≤ 150 K
in magnetic fields up to 100 Gauss (G). In this second magnetometer the sample is kept
stationary during the measurements and what is actually measured, using a flux counter
from SHE Co., is the flux change through the pick up coil system which can be transformed
to the corresponding change of the magnetic moment of the sample during the measure-
ment. Thus, measurements of absolute values of the magnetic moment require a reference
point. In our case since Ru-1212Gd is in a paramagnetic state above the magnetic transition
temperature TM ∼ 130 K we assumed that the magnetic moment of the sample M is zero
at 150 K. In the following this second magnetometer will be denoted as SSM (Stationary
Sample Magnetometer).
Two types of measurements were done with the MSM and the SSM. For the zero field
cooled (ZFC) measurements the sample was cooled to the lowest temperature in zero (set
value) magnetic field, then the desired field was applied and the measurements were taken
during warm up. For the field cooled (FC) measurements the samples were cooled from above
150 K in the desired magnetic field. In the MSM it was possible to take FC measurements
both on cooling and on warming up. The sequence followed during a FC measurement with
the MSM will be described in the caption of the corresponding figure. For the SSM exchange
He gas was required to cool the sample to the lowest temperature which made temperature
6
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FIG. 1: High field magnetic hysteresis loops for Ru-1212Gd taken with the MSM. The field was
changed between -6T and 6T but for clarity only the lower field part is shown. Insets: In the
lower right side magnetic moment measurements as a function of temperature are shown. On the
the upper left side the remanent magnetic moment as determined by hysteresis loops at different
temperatures is given.
controlling for measurements on cooling difficult. With the SSM the FC measurements were
taken only on warming up after cooling the sample from above 150 K to 4.5 K in about
30-45 minutes.
III. RESULTS AND DISCUSSION
A. Magnetism and superconductivity of our RuSr2GdCu2O8 samples
1. Magnetism
In figure 1, M(T) and M(B) measurements for our Ru-1212Gd samples are shown. A
magnetic transition is obvious at TM ∼ 133 K with significant hysteresis between the ZFC
and FC branches of the M(T) measurement starting at this temperature. Hysteresis loops
indicative of a ferromagnetic component in the magnetic behavior of the samples are re-
vealed in the M(B) measurements. The loops become wider as the measuring temperature
decreases, with the remanent moment reaching ∼ 0.1 µB per formula unit at low tempear-
tures. In view of the contradicting reports cited in section I it is difficult to propose an origin
for the observed properties. The behavior observed for our samples though, is the typical one
observed in similar measurements by many other groups. For comparison, M(T) and M(B)
7
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FIG. 2: The low temperature behavior of the real χ’ and imaginary part χ” of the ac susceptibility
for one of our Ru-1212Gd samples labeled as sample A. Inset: resistance measurement on the same
sample normalised to the room temperature value. The measurement was done in zero external
magnetic field.
measurements on Ru-1212Gd samples can also be found, for example, in references13,17.
2. Resistance and ac susceptibility measurements
In figure 2, typical resistance and ac susceptibility measurements for our samples are
presented. Additional measurements of the same kind can also be found in our previous
works25,26. The behavior of the sample is metallic at high temperatures with a resistance
plateau observed before the superconducting transition which has an onset temperature of
∼ 50 K while the resistance becomes zero at ∼ 30 K. At this temperature intergranular
coupling is established and a clear shielding signal is observed in the real part of the ac
susceptibility with the corresponding loss peaks in the imaginary part. The transition widens
and shifts to lower temperatures, as the ac field amplitude is increased. The superconducting
properties of our samples summarized in figure 2 are the usual ones for “good quality” Ru-
1212Gd samples. For comparison, there are several references where ac susceptibility15,27,28,29
measurements, which, like in our case, are usually done with a stationary sample, and
resistivity13,23,24,27,28 measurements can be found. The measurements presented in figure 2
are not only typical for different samples of ours but also reproducible for a given sample
within the period of three years in which we carried out our investigations. Small differences,
compared to figure 2, observed in the ac susceptibility measurements of one of our samples
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FIG. 3: (a) ZFC and FC dc magnetic moment measurements for our Ru-1212Gd sample A taken
with the MSM. Inset: the FC curve below 70 K. In this temperature range the measurements
were taken both on cooling and warming up. (b) The same for our Ru-1212Gd sample B. The
measurements were taken for both curves only on warming up.
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FIG. 4: (a) ZFC and FC dc magnetic moment measurements for our Ru-1212Gd sample C taken
with the MSM. The measurements for both curves were taken only on warming up. (b) The same
for our Ru-1212Gd sample D. Inset: the low temperature part of the FC curve. For this curve the
measurements below 70 K were taken both on cooling and warming up.
in another work30, are due to the fact that the authors did not subtract the background
signal from their measurements. Thus, the χ’ drop at ∼ 7 K observed for Ru-1212Gd in
that work30 is due to a Pb piece present in our ac susceptometer for temperature calibration.
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3. dc magnetization measurements
As described above, our samples show the typical magnetic, in terms of dc magnetization
measurements, and superconducting, in terms of resistance and ac susceptibility measure-
ments, behavior, that all “good quality” Ru-1212Gd samples show which thus could be con-
sidered as universal. On the other hand, the superconducting behavior of the Ru-1212Gd
samples in terms of dc magnetization measurements is far from universal. In figure 3 and
figure 4, we summarize measurements on several of our Ru-1212Gd samples. The measure-
ments were taken with the MSM. A variety of behaviors was observed below Tc ∼ 30 K.
Interestingly, these measurements are reminiscent of many of the dc magnetization features
in the superconducting state of Ru-1212Gd published by different groups. The measure-
ment presented in figure 3a with a dip followed by a plateau below Tc in the FC branch
is similar to the measurements published by Bernhard et al.31 and has been considered as
evidence for the existence of a bulk Meissner state in Ru-1212Gd. The measurement in
figure 3b is reminiscent of measurements by Klamut et al.27. Peak like features similar to
those of figure 4a can be found in our previous works25,26 and the FC curve of figure 4b is
similar to FC curves published by Artini et al.32. Similar curves have also been published
for Ru1−xSr2GdCu2+xO8−y type of compounds
33.
There are several aspects related with the measurements presented in figures 3 and 4 which
are difficult to understand. It is not only the fact that whereas for measurements published
by different groups the observed differences could be attributed to different superconducting
properties arising probably from small differences in the preparation conditions, in our case
the samples belong to the same batch. Since our samples were located within a distance of
about 5 cm in height close to the center of the furnace, they were prepared under similar
but possibly not identical conditions, if for example temperature gradients were present in
the furnace, and thus could also be characterised by different superconducting properties
(although this not indicated by our resistance and ac susceptibility measurements). It is
known that the real part of the ac susceptibility χ’ measures the shielding signal of a super-
conducting sample and should be compared to the ZFC dc magnetization measurements.
Nevertheless, as shown above, we have never seen peak like features in the real part of the ac
susceptibility. Another aspect is related to the reproducibility of the measurements. While
the resistivity and ac susceptibility measurements were reproducible for a given sample, as
10
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FIG. 5: FC dc magnetic moment measurements in the same field profile for two of our Ru-1212Gd
samples taken with the MSM. For both curves the measurements below 70 K were taken both on
cooling and warming up.
mentioned above, this was not the case with the dc magnetization measurements below Tc.
For example, the measurements presented in figure 3a were taken after our MSM system
was first warmed up to room temperature, in order to eliminate the remanent fields in the
magnet. Measurements taken on the same sample before this procedure had shown in both
ZFC and FC curves peak like features similar to those of figure 4a. The behavior of the
observed dc magnetization features below Tc in negative fields is also peculiar. As it was
shown previously (compare figure 5 and figure 6 of our previous work26), these features are
not reversed by a field reversal. This point was independently verified by Cimberle et al.34.
In their case34, clear dips in both ZFC and FC curves, indicative of bulk superconductiv-
ity in Ru-1212Gd, were not reversed by the application of a negative field. The authors
attributed the non-reversal of the ZFC dips to effects related with the remanent field in
the superconducting magnet but provided no explanation for the non-reversal of the dips in
the FC curves. Nevertheless, they state clearly that at the superconducting transition their
SQUID magnetometer, also a MSM, indicates a worsening of the quality of the measurement
through the regression factor and the answer function that tends to lose its symmetry. The
importance of this statement will become obvious in the next section.
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B. The problems of SQUID magnetometry on RuSr2GdCu2O8 using a MSM
In our previous work26 we have done a scrupulous analysis, trying to determine the origin
of mainly the peak like dc magnetization features observed in the superconducting state
of Ru-1212Gd. The result of this work26 was that Ru-1212Gd is sensitive to field inho-
mogeneities in the superconducting magnet of the SQUID magnetometer which can create
artifacts in its measured magnetization below Tc. The problem is related to the measur-
ing procedure. For a MSM the measurement requires the motion of the sample through a
pickup coil system. These coils are wound in a second derivative configuration, where the
two outer detection loops, located at a certain distance from the center of the magnetome-
ter’s magnet, are wound oppositely to the two central loops located at the center of the
magnet. During the measurement, the movement of the sample through the pickup coils
induces currents in the detection loops, which, through an inductance L, create magnetic
flux in the SQUID circuit, resulting in an output voltage V, which depends on the position
of the sample z. This signal V(z) is fitted by the SQUID’s software for the determination
of the sample’s magnetic moment. Nearly all analysis methods of the V(z) signal make two
significant assumptions for the magnetic moment of the sample: (a) that it is approximated
by a magnetic dipole moment and (b) that the sign and value of this moment do not change
during the measurement. A superconducting sample though, will follow a minor hysteresis
loop during the measurement, when the magnetometer’s field is not homogeneous. This
will result in a disturbed SQUID signal, similar to what Cimberle et al.34 report, and the
produced value for the magnetic moment of the sample from the magnetometer’s software,
which will come from the best possible fitting under the above assumptions (a) and (b), will
not represent the correct value of the sample’s magnetic moment at the temperature of the
measurement. In a recent paper35, we have presented the problem of SQUID magnetometry
of superconducting samples in more detail and we have estimated that field inhomogeneities
less than 1 G are enough to create artifacts in the measurements of Ru-1212Gd below Tc.
How these artifacts will affect the dc magnetization measurements of Ru-1212Gd below Tc,
or else what type of features will be observed below Tc, is determined by the field profile in
the superconducting magnet. As indicated by the measurements presented in figure 5 when
two samples are measured one after the other in the same field profile they will show similar
features below Tc. The small differences observed in figure 5 at low temperatures can be
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attributed, for example, to slightly different pinning properties of the two samples or to a
small mispositioning of the second sample, meaning that sample E was moved over a part of
the field profile not completely coincident with that over which sample D was moved. On the
other hand, if the history of the magnet between two measurements results in two different
field profiles then the results below Tc will be different. This point can explain why dc mag-
netization measurements below Tc may not be reproducible for the same sample. Thus, the
different features shown in figures 3 and 4 and probably the different features observed by
different groups below Tc can be the result of different field profiles during the measurements
and not the result of different superconducting properties. At this point we should note that
when artifacts are present the exact procedure followed during the measurements can play a
significant role for the type of features that will be observed in the superconducting state of
the sample. If the measurements are taken on cooling, then the sample, because of the field
inhomogeneity, will follow first the narrow superconducting magnetic hysteresis loops close
to Tc and then the wider low temperature loops. On the other hand, if the sample is cooled
first to the lowest temperature and the measurements are taken only on warming , it will
follow first the wide low temperature hysteresis loops and then the narrow loops close to Tc.
This will result in different results for the two procedures (see also figure 5 of our previous
work26). Since measuring on cooling requires usually a slower cooling rate compared to that
when the sample is cooled to the lowest temperature first and the measurements are taken
only on warming, the careless experimentalist could attribute the different results to the
different cooling rates. Our measurements indicate that when the measurements are taken
both on cooling and on warming then the results are identical.
C. Measurements on stationary RuSr2GdCu2O8 samples
In order to avoid the problems related with field inhomogeneities in the MSM, sample A,
exactly the same piece on which the measurements presented in figures 2 and 3a were done,
was measured with the home made SSM. The measurements are shown in figure 6. In this
figure we chose to show the volume susceptibility so that estimations of the superconducting
volume of the sample can be made. For the calculation we used a value of the dencity ρ = 6.7
g/cm3, estimated using the lattice parameters calculated previously25. The susceptibility of
the spherical sample was corrected for geometric demagnetization using the demagnetization
13
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FIG. 6: (a) ZFC dc magnetization measurements for sample A taken with the SSM. Inset: the low
temperature part of the FC curve measured in a field of 1 G. (b) FC dc magnetization measurements
on the same sample. Since in this set of measurements the high density of points makes it difficult
to distinguish between the different symbols we should note that the higher the field the lower the
measured susceptibility. Only the curve measured in a set field of 2 G shows slightly higher values
of χV compared to that measured at 1G.
factor N = 1/3. Before we discuss these measurements we should note that none of the
peculiar aspects were observed that had been seen in the measurements taken with the
MSM (section IIIA 3). It is obvious that the ZFC measurements show the same behavior
like the real part of the ac susceptibility which also express the shielding properties of the
sample and the cooling rate does not seem to play a role when the sample is kept stationary
during the measurements, as shown in figure 7.
Moreover, no suspicious “symptoms” are observed when a negative field is applied for
the measurements. As shown in figure 8, both the ZFC and FC measurements taken with
opposite field directions are almost “symmetric” with respect to zero. The small differences
can be attributed to not quite identical field values in the superconducting magnet of the
SSM for the positive and negative direction during the measurements.
The features presented in figure 6 below Tc are very similar with the non-calibrated
measurements on another sample which was also kept stationary during the measurements.
These measurements were presented in figure 8b of our previous work26. Thus, two differ-
ent samples, from the same batch though, measured in two different magnetometers under
stationary conditions showed very similar results. This could be considered as a first indi-
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FIG. 8: (a) ZFC dc magnetic moment of sample A in 2 G and -2 G. (b) FC dc magnetic moment
of the same sample in 1 G and -1 G. All measurements were taken with the SSM.
cation for universal magnetization curves in the superconducting state of Ru-1212Gd. The
possibility for a universal superconducting behavior is enhanced also by the fact, as shown
in figure 5, that even when artifacts are present the samples are affected in the same way
by the same field profile. Nevertheless, we believe that measurements on stationary “good
quality” samples by other groups are necessary to establish such a universal behavior.
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D. The question of bulk superconductivity for RuSr2GdCu2O8
From the above discussion, it is obvious that the measurements on stationary samples are
probably the most trustworthy for a discussion whether Ru-1212Gd is a bulk superconductor
or not. The ZFC measurements of figure 6a show that at low fields more than 60% of the
sample is shielded from the magnetic field. This alone however, can not be considered as
an indication for bulk superconductivity. Although it would be very difficult to create the
observed shielding signal by a superconducting impurity in a concentration non-detectable
with X-ray diffraction, surface superconductivity could not be excluded.
The signature of bulk superconductivity is the Meissner effect which, if present, appears
in the FC curves as a magnetization decrease consistent with field expulsion from the sam-
ple. Such a magnetization decrease does not appear in the measurements of figure 6b but
neither is the paramagnetic contribution from the Gd moments apparent in the low field
measurements; it is obvious only in the 100 G measurement. Instead, a plateau of the sus-
ceptibility is observed below Tc indicating a competition between the field expulsion due
to superconductivity and the contributions from the Gd and Ru moments. This plateau is
more clearly seen in the inset of figure 6a. In order to estimate the contribution from the
superconducting part of the sample we have subtracted from the data the Gd paramagnetic
contribution. Assumig non-interacting Gd moments, we have calculated their contribution
to the measured susceptibility using the Brillouin function36. For Gd we used the data in
tables 31.2 and 31.3 of reference36. The result of this procedure for the measurement in a
field of 0.5 G shown in figure 9 indicates that about 20% of the sample expels the magnetic
field.
Although field expulsion from 20% of the sample’s volume represents an indication for
bulk superconductivity, it rises the question of coexistence of superconductivity and mag-
netism in a microscopic scale. As it was mentioned in section I, muon spin rotation
experiments13, for example, indicate that the magnetic phase in Ru-1212Gd is homoge-
neous and accounts for at least 80% of the sample volume. Although this is a lower limit13,
one could propose a phase separation model where bulk magnetism coexists with bulk su-
perconductivity in Ru-1212Gd not on a microscopic scale but rather in different areas of
the sample. There are several reasons though, which could keep the FC superconducting
contribution low despite superconductivity in the full sample volume. Bernhard et al.31
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FIG. 9: Volume susceptibility of Ru-1212Gd (solid circles) after the Gd paramagnetic contribution
(dashed line) was subtracted from the measured curve (open circles).
report for polycrystalline Ru-1212Gd samples a grain size between 2 and 10 µm, while Chu
et al.37 estimate an unusually large penetration depth of about 50 µm. Grains, or clusters
of grains, with size smaller than the penetration depth will not expel the magnetic field in
a FC process and a reduced diamagnetic signal will be recorded. Thus, the reduced FC
superconducting contribution can be the result of grain size effects while magnetism and
superconductivity coexist in a microscopic scale. We should also note that a Meissner state
is not the only superconducting state which could be considered for Ru-1212Gd. In a mag-
netic superconductor, if the internal field exceeds the first critical field Hc1, then this will be
accommodated in the sample in the form of vortices (spontaneous vortex phase). A vortex
phase will result in a reduced diamagnetic signal compared to a Meissner state, but it is a
bulk superconducting state which could coexist with magnetism also in a microscopic scale.
Indications that Ru-1212Gd is a bulk superconductor can be found also in the measure-
ments taken with the MSM. As shown in figures 3 and 4, artifacts related to the movement
of the sample in a non-homogeneous field dominate at the low temperature part of the FC
curves. We expect that if surface superconductivity was present then the Gd contribution,
from the interior of the grains, would dominate the behavior of the sample at low tempera-
tures in these curves. On the other hand, a bulk superconducting state, possibly in the form
of weakly pinned vortices, as it is indicated by the narrow hysteresis loops below Tc
4,35,
is much more sensitive to field inhomogeneities which will affect the measured magnetic
moment.
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IV. CONCLUDING REMARKS
In this paper we have reviewed the magnetic and superconducting properties that our
Ru-1212Gd samples, all belonging to the same batch, have shown. The magnetic properties
in terms of dc SQUID magnetization measurements above the superconducting transition
temperature Tc and the superconducting properties in terms of resistivity and ac suscep-
tibility measurements were found to be reproducible within the period of our studies and
similar to the properties observed by many other research groups. That is why the observed
behavior was characterised as universal. Contrary to the universal behavior for Ru-1212Gd
in terms of dc SQUID magnetization measurements above Tc and ac susceptibility mea-
surements, usually done on stationary samples, or resistivity measurements, many different
features have been reported by different groups in dc SQUID magnetization measurements
below Tc, leading to a non-universal behavior in this temperature range. Interestingly, in
our SQUID magnetization measurements below Tc we have in many cases observed different
features similar to the ones reported by other groups. Nevertheless, these measurements
showed several suspicious “symptoms”: among others, the observed features below Tc were
insensitive (not reversed) to a field reversal and also, contrary to the resistivity and ac
susceptibility measurements, they were not reproducible for the same sample. In our pre-
vious works26,35 we have shown that Ru-1212Gd is sensitive to field inhomogeneities in the
SQUID’s superconducting magnet that can create artifacts in its measured magnetic mo-
ment below Tc. This problem is related to the procedure of the measurement (movement of
the sample within a pick up coil system) and the assumptions under which the magnetome-
ter’s software calculates the magnetic moment from the SQUID response to the movement
of the sample. Based on this fact, we suggest here that the differences shown in the dc
SQUID magnetization measurements below Tc published by different groups are with high
probability not the result of different superconducting properties but the result of different
field profiles in the superconducting magnet. In order to avoid the artifacts related with field
inhomogeneities in a MSM, we have employed a home made SSM to do measurements on a
stationary sample. These measurements showed none of the suspicious “symptoms” that the
measurements done with the MSM have shown and we consider them as the most trustwor-
thy for a discussion of the superconducting properties of Ru-1212Gd in terms of dc SQUID
magnetization measurements. According to our considerations Ru-1212Gd represents a bulk
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superconducting phase.
We would like to emphasize that the dc magnetization measurements on stationary sam-
ples are the most trustworthy even if the measurements taken with a MSM show none of
the suspicious “symptoms” presented in this paper. For example, in the case of reproducible
measurements with a MSM figure 5 indicates that artifacts can be reproduced if the field
profile is the same. Furthermore, there is experimental evidence38 that artifacts in the mag-
netization curves could be reversed by a field reversal, if the shape of the field profile is
reversed during this field reversal.
Another interesting possibility which should be noticed is that measurements on station-
ary “good quality” Ru-1212Gd samples could reveal a universal behavior below Tc in terms
of dc magnetization measurements too. This would solve at least one of the contradict-
ing points described in section I for Ru-1212Gd. Nevertheless, the establishment of such
a universal behavior requires SSM measurements by other groups also. Apart from that,
and since our work has exclusively concentrated on the Ru-1212Gd system, an investigation
whether Ru-1212 systems with other rare earths in the place of Gd or 1222 systems are also
sensitive to field inhomogeneities in a MSM and the consequences of that represents also an
opportunity for further studies on the ruthenium cuprates.
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